Although nitric oxide (NO) induces neuronal cell death under some conditions, it also can prevent apoptosis resulting from growth factor withdrawal. We investigated the molecular mechanism by which NO protects undifferentiated and differentiated PC12 cells from trophic factor deprivation-induced apoptosis. PC12 cells underwent apoptotic death in association with increased caspase-3-like activity, DNA fragmentation, poly(ADPribose) polymerase (PARP) cleavage, and cytochrome c release after 24 hr of serum withdrawal. The apoptosis of PC12 cells was inhibited by the addition of NO-generating donor S-nitroso-N-acetylpenicillamine (SNAP) (5-100 M) and the specific caspase-3-like protease inhibitor Ac-Asp-Glu-Val-Aspaldehyde (Ac-DEVD-cho) but not the YVADase (or caspase-1-like protease) inhibitor N-acetyl-Tyr-Val-Ala-Asp-aldehyde (Ac-YVAD-cho). SNAP and Ac-DEVD-cho prevented the increase in DEVDase (caspase-3-like protease) activity. The SNAPmediated suppression of DEVDase activity was only minimally reversed by the incubation of cell lysate with dithiothreitol, indicating that NO did not S-nitrosylate caspase-3-like proteases in PC12 cells. Western blot analysis showed that NO inhibited the proteolytic activation of caspase-3. The cGMP analog 8-bromo-cGMP (8-Br-cGMP) blocked apoptotic cell death, caspase-3 activity and activation, and cytochrome c release. The soluble guanylyl cyclase inhibitor 1-H-oxodiazol-[1,2,4]-[4,3-a] quinoxaline-1-one (CODQ) significantly attenuated NO-mediated, but not 8-Br-cGMP-dependent, inhibition of apoptotic cell death, PARP cleavage, cytochrome c release, and DEVDase activity. Furthermore, the protein kinase G inhibitor KT5823 reversed both SNAP-and 8-Br-cGMP-mediated anti-apoptotic events. All these apoptotic phenomena were also suppressed by NO production through neuronal NO synthase gene transfer into PC12 cells. Furthermore, similar findings were observed in differentiated PC12 cells stimulated to undergo apoptosis by NO donors and NGF deprivation. These findings indicate that NO protects against PC12 cell death by inhibiting the activation of caspase proteases through cGMP production and activation of protein kinase G.
Programmed cell death, or apoptosis, is a normal physiological process that occurs during embryonic development, as well as in the maintenance of tissue homeostasis. Apoptosis can be induced in response to various cytotoxic stimuli, including Fas, tumor necrosis factor-␣ (TN F␣), and serum or growth factor withdrawal (Steller, 1995; Thompson, 1995) . These stimuli activate a series of tightly controlled intracellular signaling events that, in many cell types, induce the activation of cysteine proteases known as caspases. The caspase family consists of at least 14 homologs (Alnemri et al., 1996; Humke et al., 1998; Wang et al., 1998) , all of which exist in cells as zymogens and require proteolytic cleavage for activation. Autoactivation of caspase-8 is thought to follow the interaction of procaspase-8 with the death-inducing signaling complex of the Fas and TNF␣ receptor (Boldin et al., 1996; Muzio et al., 1996) . Caspase-9 is activated when cytochrome c is released from the mitochondria and binds with Apaf-1 and dATP (P. . Sequential activation of other caspases may then follow where caspase-8 and caspase-9 cleave/activate caspase-3. Caspase-3 cleaves terminal death substrates leading to the systematic destruction of the cell. Thus, interruption of caspase activation or prevention of cytochrome c release are potential mechanisms for the prevention of apoptosis.
Neuronal apoptosis is required for normal development of the nervous system but also occurs during pathological states (Narayanan, 1997) . Extensive neuronal cell death is observed after acute brain injury, including stroke (Hill et al., 1995) and trauma (Crowe et al., 1997) , and is thought to contribute to neurodegenerative diseases, such as Parkinson's disease and Alzheimer's disease (Pettmann and Henderson, 1998) . Neuronal apoptosis is directly linked to activation of caspase proteases (Du et al., 1997; Green, 1998; Li et al., 1998; Yoshimura et al., 1998) . Caspase-3-and caspase-9-deficient mice exhibit increased brain size associated with decreased apoptosis (Kuida et al., 1996; Hakem et al., 1998) . C aspase-3-like protease inhibitors block apoptotic cell death of cultured neurons in response to several stimuli, including trophic factor deprivation and serum deprivation (Tanabe et al., 1998) . The anti-apoptotic proto-oncogene Bcl-2 protects neurons from apoptotic cell death , and Bcl-2 can prevent caspase activation by suppressing cytochrome c release from mitochondria (Yang et al., 1997) . The expression of Bcl-2 decreases to an undetectable level with age (Chen et al., 1997) . In adults, it is not well understood how endogenous inhibitors of apoptosis relate to the caspase signaling cascade and regulate programmed neuronal death.
Nitric oxide (NO) is synthesized from L-arginine by one of three isotypes of NO synthase (NOS) and is an endogenous inhibitor of apoptosis in many cell types. NO synthesized by neuronal NOS (nNOS) f unctions as a synaptic signaling molecule in the nervous system (Bredt and Snyder, 1992) but can lead to neuronal cell death when produced in excess (Dawson et al., 1991; Zhang et al., 1994; Heneka et al., 1998) . C ytotoxicity is associated with activation of poly(ADP-ribose) polymerase (PARP) (Zhang et al., 1994) and the formation of highly reactive peroxynitrite by the reaction with superoxide (Beckman et al., 1990) . Peroxynitrite can lead to apoptosis in the motor neurons (Estevez et al., 1998a) and PC12 pheochromocytoma cells (Estevez et al., 1995) or necrosis in cortical neurons (Bonfoco et al., 1995) . These observations are contrasted by observations showing that NO donors or NO produced by constitutive nNOS (Estevez et al., 1998b) limit apoptosis induced by trophic factor deprivation in primary neurons and PC12 cells. These reports concluded that the protective actions were mediated by NO activation of soluble guanylyl cyclase. NO can limit apoptosis, however, by direct inhibition of caspase activity by S-nitrosylation (Kim et al., 1997b; J. Li et al., 1997) , as well as through cGMPdependent mechanisms (K im et al., 1997b) . The role of S-nitrosylation of caspases and the mechanism of the cGMPdependent interruption of apoptosis signaling in neuronal cells are not known. Studies were undertaken here to address these two issues using undifferentiated PC12 cells induced to undergo apoptosis by growth factor withdrawal. Our data show that NO inhibits apoptotic death in PC12 cells primarily through a cGMPdependent prevention of caspase-3 activation and mitochondrial cytochrome c release with minimal contribution from the S-nitrosylation of caspases.
MATERIALS AND METHODS
Materials. RPM I 1640, penicillin, streptomycin, and L-glutamate were purchase from Life Technologies (Gaithersburg, MD). C ytochrome c antibody was obtained from PharMingen (San Diego, CA) and PARP antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal caspase-3 antibody was obtained from Transduction Laboratories (Lexington, KY) . -acetyl-Asp-Glu-Val-Asp-P-nitroanilide (Ac-DEVDpNA) , N-acetyl-T yr-Val-Ala-Asp-aldehyde (Ac-YVAD-cho), and AcAsp-Glu-Val-Asp-aldehyde (Ac-DEV D-cho) were obtained from Alexis Corporation (San Diego, CA). S-Nitroso-N-acetyl-D,L-penicillamine (SNAP) was synthesized, as described previously (K im et al., 1995b) . Diethylenetriamine/ NO adduct (DETA / NO) was purchased from Research Biochemicals (Natick, M A). K T5823 was obtained from C albiochem (San Diego, CA), and 1-H-oxodiazol-[1,2,4]-[4,3-a] quinoxaline-1-one (ODQ) was purchased from Promega (Madison, W I). All other reagents were purchased from Sigma (St. L ouis, MO), unless indicated otherwise. Cell culture. Culture dishes were coated by spreading collagen solution [bovine skin collagen (100 g /250 l in distilled water)] as a film over the dish and allowed to dry at room temperature in a sterile laminar flow hood. Undifferentiated PC12 cells were initially cultured on the plates and maintained in RPM I 1640 medium containing 10% horse serum and 5% fetal bovine serum supplemented with 2 mM glutamine, 100 units/ml penicillin, and 100 g /ml streptomycin at 37°C with 95% air-5% C O 2 . PC12 cells were differentiated by treating with NGF (50 ng /ml) in RPM I 1640 containing 1% horse serum for 7 d. Cell viabilit y assay. PC12 cells were washed extensively with serum-free RPM I 1640 medium (three times on the dish followed by four cycles of centrif ugation) and replated onto collagen-coated 24-well plates at a density of 2 ϫ 10 5 cells per well in a volume of 1 ml. C ells were treated with NO donors in serum-free RPM I 1640 media for 24 hr. For NGF deprivation experiments, the cells were switched to serum-free RPM I 1640 with or without NO donors or 8-bromoadenosine-cGM P (8-BrcGM P) for 72 hr. For determination of cell viability, cells were removed from the cell debris by centrif ugation at 500 ϫ g for 5 min. The supernatant containing cell debris was discarded, and the cell pellet was resuspended in 0.25 ml of the solution (0.5% Triton X-100, 2 mM MgC l 2 , and 15 mM NaC l in phosphate buffer, pH 7.4), which lysed the cell membrane but left the nuclei intact (Soto and Sonnenschein, 1985) . The nuclei were counted in a hematocytometer. In this assay, nuclei of dead cells generally disintegrate or appear pyknotic and are irregularly shaped when undergoing apoptosis. In contrast, nuclei of living cells are bright under phase contrast and have clearly defined membranes. Counts were performed on triplicate wells. Assay of DEV Dase activit y. The cell pellets were washed with ice-cold PBS and resuspended in 100 mM H EPES buffer, pH 7.4, containing protease inhibitors (5 mg /ml aprotinin and pepstatin, 10 mg /ml leupeptin, and 0.5 mM phenylmethylsulfonyl fluoride). The cell suspension was lysed by three freeze -thaw cycles, and the cytosolic fraction (S100) was obtained by centrif ugation at 100,000 ϫ g for 1 hr at 4°C. DEV Dase activity was assayed by measuring the increased absorbance at 405 nm after cleavage of 200 M Ac-DEV D-pNA (K im et al., 1997b) . The enzyme activity was calculated from a standard curve prepared using p-nitroanaline. DNA f ragmentation. C ytosolic DNA was prepared according to the method of Leist et al. (1995) . Briefly, cell pellets were resuspended in 750 l of lysis buffer (20 mM Tris-HC l, 10 mM EDTA, and 0.5% Triton X-100, pH 8.0) and occasionally shaken while on ice for 45 min. DNA was extracted with phenol and precipitated with alcohol. The pellet was dried and resuspended in 100 ml of 20 mM Tris-HC l, pH 8.0. After digesting RNA with RNase (0.1 mg /ml) at 37°C for 1 hr, samples (15 l) were electrophoresed through a 1.2% agarose gel in 450 mM Tris borate -EDTA buffer, pH 8.0. DNA was photographed under visualization with UV light. Western blot anal ysis. C ell pellets were suspended in ice-cold sterilized water and kept on ice for 1 min. The suspension was mixed with a 500 mM sucrose solution and caref ully homogenized in a Dounce tissue grinder with a loose pestle. C ytosols were obtained by centrif ugation at 100,000 ϫ g for 1 hr. C ytosolic proteins (40 g) were separated on SDS-PAGE and transferred onto a nitrocellulose membrane. For Western blot of PARP and caspase-3, cells (2 ϫ 10 5 cells) were mixed with an equal volume of 2ϫ SDS -sample buffer and then lysed on ice by ultrasonicator with microtip. Proteins were separated on 8% SDS-PAGE for PARP and 12% SDS-PAGE for caspase-3 and then transferred to nitrocellulose. The membranes were hybridized with cytochrome c antibody (1:1000), caspase-3 antibody (1:500), or PARP antibody (1:500), and protein bands were visualized by exposing to x-ray film, as described previously (K im et al., 1997a) . Other anal ysis. Protein concentration was determined with the BCA assay (Pierce, Rockford IL). Data are presented as means Ϯ SD of at least three separated experiments, except where results of blots are shown, in which case a representative experiment is depicted in the figures. Comparisons between two values were analyzed using Student's t test. Differences were considered significant when p Յ 0.05.
RESULTS

NO inhibition of PC12 cell apoptosis is concentration-dependent
NO has been shown previously to delay apoptotic death in PC12 cells . Consistent with these previous observations, we found that the NO donor SNAP prevented PC12 cell death caused by serum deprivation in a dose-dependent manner up to 100 M SNAP, but that a higher dose decreased cell viability (Fig. 1 ). Since trophic factor deprivation induces neuronal apoptosis by activating the caspase cascade Li et al., 1998) , we examined the effect of SNAP and inhibitors of caspase family proteases on PC12 cell apoptosis and caspase activity. The caspase-3-like protease inhibitor Ac-DEVD-cho prevented serum deprivation-induced PC12 cell death, whereas the caspase-1-like protease inhibitor Ac-YVADcho did not (Fig. 2 A) . The cytoprotective effect of Ac-DEVD-cho was comparable with the effect of SNAP (100 M) treatment. Caspase-1-and caspase-3-like enzyme activities were measured in the cytosol from serum-deprived PC12 cells by a colorimetric assay using substrate-specific tetrapeptides (Fig. 2 B) . YVADAase (caspase-1-like protease) activity in serum-deprived PC12 cells was comparable with that measured in PC12 cells cultured in serum-supplemented media. YVADase activity was not detectable in membrane fraction (data not shown). However, DEVDase activity in serum-deprived PC12 cell extracts was 10-fold higher than that of control PC12 cells. The increase in DEVDase activity was unchanged by the addition of Ac-YVAD-cho but decreased by Ac-DEV D-cho or SNAP. Another NO donor, DETA / NO (100 M), showed a similar protective effect on cell viability and caspase activity (data not shown). These results indicate that the cytoprotective effect of NO on serum-deprived PC12 cells may be caused by an inhibition of DEV Dase protease activation and /or activity.
Anti-apoptotic actions of NO and cGMP production
The anti-apoptotic actions of NO in PC12 cells and primary cultures of motor and sympathetic neurons Estevez et al., 1998b) have been shown to involve cGM P. To confirm the role of cGM P in NO-mediated protection and to determine the effects of cGM P on caspase activity, the effects of SNAP on PC12 cells were examined in the presence of the specific inhibitor of soluble guanylyl cyclase ODQ (Fig. 3) . ODQ did not affect the cell viability of serumsupplemented cells but inhibited the protective effect of SNAP on serum-deprived cells (Fig. 3A) . DNA fragmentation typical of apoptosis was identified in serum-deprived PC12 cells (Fig. 3B) . SNAP prevented DNA fragmentation, and ODQ significantly blocked this effect of SNAP. Treatment with ODQ also prevented the capacity of SNAP to suppress DEV Dase activity (Fig. 3C) .
The reducing agent dithiothreitol (DTT) can reactivate DEVDase proteases inactivated by S-nitrosylation (Kim et al., 1997b) . However, incubation of lysate from SNAP-treated PC12 cells with DTT caused only a small increase in DEV Dase activity (Fig. 3C) , suggesting that SNAP exposure did not result in the inhibition of DEVDase activity by S-nitrosylation.
One of the established substrates for caspase-3 protease in cells is PARP, which is cleaved from 116 kDa intact protein into 85 and 31 kDa fragments during apoptosis (Nicholson et al., 1995) . The cleaved product (85 kDa) of PARP was detected in the lysate of serum-deprived PC12 cells by Western blot. PARP cleavage was almost completely inhibited by SNAP treatment, and this inhibition was primarily reversed by the addition of ODQ (Fig. 3D) . Together, these findings indicate that a major effector for NOmediated inhibition of PC12 cell apoptosis is cGMP, which inhibits the activation of DEVDase proteases.
cGMP-mediated protective actions involve cGMPdependent protein kinase activation
Many actions of cGMP are the result of the activation of cGMPdependent protein kinase or protein kinase G. Therefore, we used the protein kinase G inhibitor KT5823 to determine whether the protective actions of cGMP were mediated by the activation of protein kinase G. The cell-permeable cGMP analog 8-BrcGMP protected PC12 cells from serum-deprived apoptosis in a concentration-dependent manner. This protection was significantly inhibited by the addition of KT5823 but not by ODQ (Fig.  4 A) . Treatment with 8-Br-cGMP almost completely inhibited DEVDase activity in the serum-deprived PC12 cells, and this inhibition was reversed, in part, by KT5823 but not ODQ (Fig.  4 B) . Furthermore, DEVDase activity was not increased by preincubating the cell lysate with DTT. Another cGMP analog, dibutyl cGMP, exhibited the same effect on cell viability and DEVDase activity (data not shown). These results indicate that the effects of cGMP on the activation of DEVDase enzymes are mediated, at least in part, via the activation of protein kinase G.
cGMP prevents cytochrome c release and DEVDase activation
Cytochrome c release from mitochondria can either be a consequence of caspase-3 activation (Kim et al., 1998) or serve to amplify caspase-3 activation by forming an "apoptosome" composed of cytochrome c, Apaf-1, dATP, and procaspase-9 (P. . The complex activates caspase-9, which then processes and activates other caspases, including caspase-3. To investigate the effects of NO and cGMP on cytochrome c release, we measured the cytosolic level of cytochrome c by Western blot analysis (Fig. 5A) . Cytochrome c release was increased by serum deprivation, and the increase was suppressed by addition of SNAP or 8-Br-cGMP. The suppressive effects of these compounds were partially reversed by ODQ and KT5823, respectively. To determine whether caspase-3 was specifically activated, Western blot analysis was performed to identify the cleaved active fragment (p17) of caspase-3. As shown in Figure 5B , caspase-3 was activated by serum deprivation, and the activation was suppressed by addition of SNAP and 8-Br-cGMP. This suppression was also prevented by ODQ and KT5823, respectively. These results indicate that the anti-apoptotic effect of NO is associated with inhibition of mitochondrial cytochrome c release and an inhibition of caspase-3 activation through cGMP production and activation of protein kinase G. Cytoprotective effects of SNAP on the survival of PC12 cells in serum-free conditions. C ells were collected, washed extensively with serum-free RPMI 1640 medium, and replated onto collagen-coated 24-well plates at a density of 2.5 ϫ 10 5 cells per well in a volume of 1 ml of serum-free media. Cells were treated with the same concentration of the NO donor SNAP. At 24 hr, cell viability was determined by counting intact nuclei after lysing of the cell membrane (mean Ϯ SD. n ϭ 3). *p Ͻ 0.01 versus nonpretreatment.
nNOS gene transfer inhibits apoptosis and cytochrome c release
To determine the capacity of endogenous NO to inhibit PC12 cell apoptosis, we stably transfected PC12 cells with the nNOS cDNA and examined the effect of nNOS-produced NO on serum deprivation-induced PC12 cell death. C ells expressing nNOS produced 38 Ϯ 4 nmol of NO 2 Ϫ /mg protein /24 hr compared with 6 Ϯ 2 nmol of NO 2 Ϫ /mg protein /24 hr in control transfectant. nNOS-containing PC12 cells did not die in response to serum deprivation nor was cytochrome c detected in the cytosol. Cells stably transfected with ␤-galactosidase cDNA were not protected (Fig. 6) . The inhibition of cytochrome c release, as well as the decreases in DEV Dase activity in nNOS-containing PC12 cells, were both prevented by treatment with ODQ or K T5823 and the NOS inhibitor NM A.
NO and cGMP protect differentiated PC12 cells from NGF deprivation-induced apoptosis
To investigate the possible role of NO3cGM P pathway in survival of postmitotic PC12 neurons, we differentiated PC12 cells by treatment with NGF for 7 d and then examined the effect of NO and cGMP on apoptosis induced by NGF withdrawal. The NO donors DETA/NO and SNAP, as well as 8-Br-cGMP, protected the differentiated PC12 cells from NGF deprivation-induced apoptosis (Fig. 7A) . DEVDase activity was increased in differentiated PC12 cells by NGF withdrawal, and the increased activity was suppressed by the addition of SNAP, DETA/NO, or 8-BrcGMP (Fig. 7B ). These data suggest that NO may function as a regulator of neuronal cell death in development, as well as in pathological conditions.
DISCUSSION
This study was undertaken to determine whether S-nitrosylation of caspases play a significant role in the anti-apoptotic actions of NO in undifferentiated and differentiated PC12 cells and to determine how NO-induced cGMP production prevents apoptosis in these cells. We showed that concentrations of NO adequate to activate soluble guanylyl cyclase protect PC12 cells from apoptotic death via a cGMP-dependent mechanism involving the acti- At 24 hr, cell viability was determined by counting intact nuclei (mean Ϯ SD; n ϭ 4). PC12 cells were collected, washed with ice-cold PBS, and lysed in 100 mM HEPES buffer, pH 7.4, containing protease inhibitors. The cytosolic fraction was obtained by centrif ugation at 100,000 ϫ g for 30 min at 4°C. C aspase enzyme activity was measured with Ac-YVAD-pNA for caspase-1-like activity (or YVADase) and Ac-DEVD-pNA for caspase-3-like activity (or DEV Dase) in a colorimetric assay (mean Ϯ SD; n ϭ 3). *p Ͻ 0.01 versus nonpretreatment.
vation of protein kinase G. Although NO can suppress apoptosis by direct inhibition of caspase activity, this does not appear to occur in PC12 cells. Instead, the NO3cGM P3protein kinase G pathway inhibits caspase-3 activation and prevents mitochondrial cytochrome c release. Thus, these results identif y a key interaction between NO and cGM P/G kinase with the caspase cascade in PC12 cells and provide a molecular basis for the inhibition of apoptosis by NO in a neuronal cell type.
The role of NO in the regulation of apoptosis is complex because NO induces apoptosis in some cell types but prevents apoptosis in others. In neurons, NO can either induce (Heneka et al., 1998) or prevent Estevez et al., 1998b) apoptosis, depending on the conditions studied (Lipton et al., 1993) . In other cell types, the induction of apoptosis often requires exposure to high concentrations of NO donors or expression of high-output inducible NO synthase (L u et al., 1996; Heneka et al., 1998) . C ell types shown to be protected from apoptosis by NO are neuronal cells, including PC12 cells , as well as motor and sympathetic neurons Estevez et al., 1998b) , and others such as hepatocytes (K im et al., 1997a,b) , endothelial cells (Dimmeler et al., 1997) , human B lymphocytes (Mannick et al., 1994) , splenocytes (Genaro et al., 1995) , eosinophils (Beauvais et al., 1995) , cardiac myocytes (Cheng et al., 1995) , and ovarian follicles (Chun et al., 1995) . Factors that govern the consequences of NO on cell survival are poorly understood but appear to be related to cell type-specific factors, concentration of NO, and the presence of other free radicals. We have shown that pretreatment with NO protects hepatocytes from apoptotic cell death by induction of heat shock protein 70 (K im et al., 1997a ) and heme oxygenase-1 (Kim et al., 1995a,b) . Concurrent NO production can prevent apoptosis by direct inhibition of activity of DEV Dase proteases (Dimmeler et al., 1997; Kim at al., 1997b; Tenneti et al., 1997) , prevention of Bcl-2 protein fragmentation and cytochrome c release (Kim et al., 1998) , and the upregulation of anti-apoptotic genes such as Bcl-xL (Okada et al., 1998) . These anti-apoptotic processes are independent of cGMP and are thought to be linked to NO-dependent changes of cellular redox states. NO can also stimulate cGMP production, and cGMP has been shown to prevent apoptosis in PC12 cells , motor and sympathetic neurons Estevez et al., 1998b) , B lymphocytes (Genaro et al., 1995) , eosinophils (Beauvais et al., 1995) , hepatocytes (Kim et al., 1997b) , cultured ovarian follicles (Chun et al., 1995) , and T lymphocytes (Sciorati et al., 1997) . In splenocytes, the cGMP-mediated protection occurs in association with an induction of Bcl-2 mRNA and protein (Genaro et al., 1995) . Our studies confirm previous results showing that cGMP protects PC12 cells from apoptosis caused by growth factor deprivation .
The activation of soluble guanylyl cyclase occurs when its heme interacts with a low level of NO (ϳ1 nM) (Archer, 1993) , and NO has been shown to stimulate cGMP production in PC12 cells (Whalin et al., 1991) . We show here that the NO donor SNAP protects PC12 cells from apoptosis when added at a concentration between 5 and 100 M. Higher concentrations of SNAP no longer protected and even further reduced the viability of serumdeprived cells. SNAP releases NO with a half-life of ϳ10 hr (Arnelle and Stamler, 1995) ; therefore, the lower concentration of SNAP used in our experiments probably released NO at levels of intracellular concentrations adequate to activate soluble guanylyl cyclase. Similarly, nNOS-transfected cells were also completely protected. In the absence of agonist, which increases intracellular calcium levels, nNOS produces only small amount of NO. However, the levels of NO produced in nNOS-expressing Figure 5 . SNAP and 8-Br-cGM P prevent mitochondrial cytochrome c release and caspase-3 activation in serum-deprived PC12 cells. Cells were treated with SNAP (100 M), 8-Br-cGMP (1 mM), ODQ (40 M), or KT5823 (180 nM) in serum-free media. After 6 hr for cytochrome c release and 12 hr for caspase-3 activation, cells were harvested and homogenized, and then the cytosolic fraction was prepared by centrifugation at 100,000 ϫ g. Cytochrome c release (A) and caspase activation (B) were determined by Western blot analysis. Figure 4 . A protein kinase G inhibitor reverses the cGMP-dependent protection of serum-deprived apoptosis of PC12 cells. Cells were cultured in serum-free media containing different concentrations of 8-BrcGMP (A) or 100 M 8-Br-cGM P (B) with or without KT5823 (180 nM) or ODQ (40 M). A, Cell viability was measured by counting intact nuclei (mean Ϯ SD; n ϭ 3). B, DEVDase activity was determined by a colorimetric assay using Ac-DEV D-pNA after incubation of lysate with or without 20 mM DTT for 30 min (mean Ϯ SD; n ϭ 3). Similar results were obtained by addition of dibutylcGMP into PC12 cell culture. *p Ͻ 0.01 versus nontreatment; **p Ͻ 0.05 versus nontreatment; ***p Ͻ 0.01. PC12 cells were adequate to prevent apoptosis by a cGMPdependent mechanism.
Evidence that cGM P is an effective neuroprotectant comes from the studies on the secreted forms of Alzheimer's disease (Barger et al., 1995) . ␤-Amyloid precursor protein was shown to protect cultured hippocampal neurons from glucose deprivation and glutamate toxicity through increases in cGM P levels (Barger et al., 1995) . Furthermore, NO donor and cGM P prevented primary hippocampal neurons by activation of K ϩ channels through cGM P-dependent kinase activation (Furukawa et al., 1996) . We extended these previous studies by providing a link between cGM P and caspase signaling. cGM P activates protein kinase G (K im et al., 1997b) , and we show that protein kinase G inhibitor K T5823 partially reversed the anti-apoptotic effect of NO and the suppression of DEV Dase protease activation by 8-Br-cGM P. These data suggest that protein kinase G activation by NO/cGM P suppresses apoptotic signaling upstream of caspase activation. We also found that NO and cGM P block mitochondrial cytochrome c through the activation of protein kinase G. The loss of mitochondrial cytochrome c decreases the coupling efficiency of the electron transport chain, increasing the production of superoxide (C ai and Jones, 1998) . Superoxide has been implicated in the activation of caspase proteases (Peled-Kamar et al., 1998) . C ytochrome c release also leads to caspase activation through the interaction of cytochrome c with Apaf-1 and dATP, resulting in the activation of caspase-9 (P. . How serum deprivation leads to DEV Dase activation or cytochrome c release in PC12 cells is unknown. One possibility is that the activation of upstream caspases promotes mitochondrial changes leading to cytochrome c release. Our studies also do not evaluate the mechanism by which cGMP/protein kinase G prevent caspase-3 activation or cytochrome c release. Known substrates for protein kinase G include inositol (1,4,5)P 3 receptor (Ferris and Snyder, 1992) , DARPP-32 (Tsou et al., 1993) , and cGMP-B-PDE (Thomas et al., 1990) in the nervous system. A role for these substrates in the inhibition of apoptosis is not clear. We have preliminary evidence in PC12 cells and hepatocytes that cGMP can activate AKT kinase (our unpublished data). Activation of AKT kinase by cGMP could prevent apoptosis by the phosphorylation of BAD interfering with mitochondrial cytochrome c release (Datta et al., 1997; del Peso et al., 1997) and caspase-9 inhibiting caspase signaling (Cardone et al., 1998) .
NO can modify enzyme function by S-nitrosylation of protein thiol groups (Stamler, 1994) . All caspase enzymes contain a single cysteine residue at the catalytic site. The modification of this amino acid by thiol-reactive agents, including NO reaction products such as NO ϩ , inhibits the catalytic activity of the enzyme. When caspases are inhibited by S-nitrosylation, the thiol-bound NO groups can be effectively removed by the reducing agent DTT, thus reactivating the enzyme (Kim et al., 1997b) . S-Nitrosylation of caspases occurs efficiently in primary hepatocytes (Kim et al., 1997b) , endothelial cells (Dimmeler et al., 1997) , some tumor cell lines (Mannick et al., 1997) , and ironpreloaded MCF7 cells (Kim et al., 1998) . Factors that determine the nitrosylating capacity of cells may include the abundance of iron within the cell (Boese et al., 1995) and the presence of Figure 6 . nNOS gene transfer inhibits apoptotic cell death, cytochrome c release, and DEVDase activity in PC12 cells. Plasmid (pCMV) containing the nNOS or LacZ cDNA was transferred into PC12 cells by the lipofection method. Transfectants were selected using 800 g/ml G418. Isolated cells were treated with or without NMA (1.5 mM), ODQ (40 M), and K T5823 (180 nM) in serum-free media. A, C ell viability was determined by counting intact nuclei (mean Ϯ SD; n ϭ 3). B, C ytochrome c release was measured by Western blot. C, DEV Dase activity was measured by a colorimetric assay using Ac-DEVDpNA (mean Ϯ SD; n ϭ 3). *p Ͻ 0.01 versus nontreatment. Figure 7 . NO donors and 8-Br-cGMP prevent differentiated PC12 cells from NGF withdrawal-induced apoptosis. PC12 cells were differentiated by treating with N FG (50 ng /ml) in RPMI 1640 medium containing 1% horse serum for 7 d. The culture media were switched to serum-free media with or without SNAP (100 M), DETA / NO (100 M), or 8-BrcGM P (1000 M), and cell viability (A) and DEV Dase activity (B) were measured after 72 and 48 hr, respectively. *p Ͻ 0.01 versus nontreatment. molecular oxygen (Wink et al., 1993) . We found little evidence for S-nitrosylation of caspases in PC12 cells. The failure of PC12 cells to carry out S-nitrosylation could explain the toxicity of higher levels of NO seen in our experiments.
The present results show that NO protects neuronal PC12 cells from serum deprivation-induced apoptosis by elevation or maintenance of intracellular cGM P. However, production of NO by nNOS and NO-generating compounds can induce apoptotic cell death of motor neurons in trophic factor-deprived conditions (Estevez et al., 1998b) and in PC12 cells with decreased superoxide activity . In these experiments, the toxicity of NO appears to result from the simultaneous production of NO and superoxide leading to the formation of peroxynitrite. Peroxynitrite is a potent oxidant that can cause direct cellular injury and induce apoptosis (Lin et al., 1995) . Thus, the balance between anti-apoptotic and proapoptotic effects of NO in neurons may be dependent on the levels of superoxide anion production. Superoxide anion generation can be increased by cytochrome c release (C ai and Jones, 1998) . By inhibiting the NO/cGMP/ protein kinase G pathway, mitochondrial cytochrome c release could inhibit superoxide anion generation and limit subsequent NO toxicity.
It is thus conceivable that, in addition to serving as a neurotransmitter in neurons, endogenous production of NO may function as a regulator of neuronal apoptosis in development, as well as in pathological conditions. Indeed, we have observed increases in neuronal apoptosis after controlled cortical impact in inducible NOS-deficient animals (our unpublished observations). This injury is associated with a marked increase in caspase activity in the brain. Our studies show that NO-stimulated cGM P production inhibits the caspase signaling cascade via protein kinase G-dependent inhibition of mitochondrial cytochrome c release. The molecular mechanism by which protein kinase G inhibits cytochrome c release is now under investigation.
